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The flow around different geometric obstacles is a challenging research topic.
The continual change of flow separation points positions on the obstacle sur-
face generates the vortices in downstream flow within a phenomenon called
vortex shedding, which was originally discussed by Mr. von Ka´rma´n. Be-
cause of this continuous relocation of separation points on the obstacle sur-
face, both the pressure and forces differ in an unstable scenario on the ob-
stacle surface. The occurrence of oscillations or so-called vortex-induced
vibrations in obstacle therefore takes place. These vortex-induced vibrations
may cause real disasters. A well-known example is the Tacoma Narrows
Bridge –USA in 1940. Important applications can be found in many parts
of the off-shore structures. This dissertation is giving a deep understanding
of the phenomenon by simulating different study cases as well as presenting
solutions for reducing the effect of it in deep water risers. The dissertation is
presenting a numerical tool as well, which is able to predict computationally
the behavior of the deep water risers under the mentioned phenomenon. A
coupling between a fluid dynamics solver and a structural dynamics solver
has been presented based on the available OpenFOAM libraries. A number
of fundamental cases had been simulated in the present dissertation for the
purpose of validation and deep understanding, while the related theory has
also been discussed. The presented solver as well as the design solutions is
supposed to be a milestone in an in-depth research regarding this field of
deep water risers and off-shore structures. The results of this work may pro-
vide more understanding of the presented problems and opened new doors
for future work.
Keywords: vortex-induced vibrations, offshore structures, OpenFOAM,
strong coupling, fluid-structure interaction, computational fluid dynamics,
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The phenomenon of vortex-induced vibrations as well as the vortex flow be-
hind an obstacle has been discussed in many research articles from both
physical and mathematical views. In the last years the effect of the vortex-
induced vibrations on the offshore structures has been considered for a deep
understanding. Furthermore, suppression of the evidence of it in deep water
risers has been deeply studied.
The prediction of the offshore structures vibrations behavior under the ef-
fect of a vortex flow is a challenging topic of research. The experimental
prediction is running on time and high cost. As an alternative solution
to the costly experimental techniques, numerical prediction tools have been
presented. The commercial software are not flexible enough to have several
methodes of modelings and therefore make the study of such phenomenon ex-
pensive and even not precise. Unlike commercial software, the open-source
numerical tools are being presented as a reliable solution especially in re-
search institutes.
As a multi-physics case, the vortex-induced vibrations in offshore structures
are studied. The coupling between solid and fluid solvers in an open-source
tool is a motivated topic of research.
The following literature review shows that the environmental conditions had
mostly not been considered in a good numerical modeling. Most of the pre-
sented numerical tools are either tested at laboratory conditions, or were
developed not to carry out the real cases under their environmental condi-
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tions.
In the reference [35], the researchers performed very robust simulations. The
numerical studies in this reference did not present any further help for the
reader other than results. From the author’s point of view the reference was
focused on presenting results and was not helpful.
A helpful start has been presented in the reference [48] for implementing a
reliable fluid-structure interaction using an OpenFOAM solver. The refer-
ence unfortunately did not include a solver, which can simulate a wide range
of real cases.
The experimental research works as [8], [26], [27] and [33] provided a motiva-
tion for presenting a numerical tool is able to reduce the experimental efforts
and give results with a high dependability and accuracy. Many published
research works showed the difficulty of such fundamental experiments.
As mentioned above, the topic of research is important for the field of oil and
gas deep water drilling risers as an industrial case. The numerical investiga-
tion, as one of prediction methods, has a high potential for being carried out.
The advantages of the numerical investigation could be regarded as low cast,
time and effort. Furthermore, the numerical investigation can provide more
details which are not able to be observed or measured during the laboratory
experiments.
OpenFOAM, as an open-source computational mechanics C++ toolbox, gives
the chance for researchers to achieve in-depth investigations with reduced ef-
forts and high reliability.
Beside working on understanding the vortex-induced vibrations phenomenon
and giving a design solution for the suppression of the resulted vibrations,
a reliable numerical prediction tool based on OpenFOAM C++ library has
been presented. The presented tool is able to simulate industrial cases and
has a high availability and usability. Furthermore, the validation and veri-
fication of the presented tool under the enviromental conditions, e.g. high
Reynolds number, as well as using it in further investigation and finding so-
lutions are found in the scope of the present work.
The goal of presenting the mentioned computational prediction tool, is the
usage of it for testing a vortex-induced vibration suppression device. Finding
a practical solution and presenting a suppression device have a high motiva-
tion as a practical contribution of the present work.
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1.2 Background
The research topic is focused on studying the vortex-induced vibrations in
offshore structures by using a numerical simulation tool developed based
on OpenFOAM library. The present work therefore presents a number of
numerical simulations, a description of the presented tool and its validation
as well as introducing a vortex-induce vibrations suppression device as a
design solution.
Since deep water structures are subjected to the ocean cross flows, the vortex
flow phenomenon takes place. This physical phenomenon results in a change
of the forces acting on the structure surfaces. This temporal change of the
values and direction of these forces produces a vibration in the deep water
structures. In most of the cases, these vibrations are extremely harmful and
can cause structure failure.
The underwater part of the offshore structures affects the whole performance
of a wide range of large-scale projects, e.g. the oil and gas rigs in deep water.
The topic therefore is the subject of extensive research and development. The
vortex-induced vibrations play a vital role in the design of offshore structures
as well.
The world has witnessed many environmental disasters in the last few years
due to cracks in oil pipe lines or drilling risers, caused by vortex-induced
vibrations in a long term. Through development and research, oil production
firms are motivated to avoid any future problems regarding the present topic.
This point of research therefore has a strong motivation to be studied in-
depth in the present dissertation.
As mentioned, the numerical studies and simulations form the main part of
the present dissertation. Moreover, simulations of a number of experimen-
tal cases are taken into regard for validation and extensive understanding.
The presented numerical results are compared to experimental ones for the
propose of validating and verifying the presented numerical tool.
The vortex-induced vibration (VIV) cases in offshore structures are complex
and are not completely understood, particularly in high Reynolds number
flows [1]. The present work therefore contributes to the deeper understand-
ing of the topic and presents a reliable tool that has been developed on
a mathematical and physical modeling that appropriates to environmental
conditions.
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1.3 Previous works review
The formation and dynamics of vortex is a very broad scientific topic which
is still being studied. Many studies have been made concerning flow around
obstacles and the formation of a vortex street or so-called “von Karman vor-
tex street”, and these will be discussed in this section. Furthermore, many
research topics about the vortex-induced vibrations are taken into regard.
The covered topics include vortex formation, fluid-structure interaction in
vortex-induced vibrations, vortex-wave interaction and other important top-
ics which are related or have some useful relationship to the present disserta-
tion research topic. This section brought the best knowledge to the author.
The review is presented in the form of one-reference-paragraphs to make the
literature accessible to the reader. It gives the best knowledge to the author
in order to be able to determine the main goals on which the dissertation
will be based, as presented in the furthur sections.
The unsteady separation of the fluid flow boundary layer on both sides of
obstacle, which are perpendicular to the flow direction, is the main concept
of vortex formation in downstream[2]. Durgin and Karlsson have discussed
the phenomenon of vortex street breakdown[3], as well as studying vortex
formation and the von Karman vortex-street in-depth. They worked on ex-
perimental observations of vortex formation by placing a cylinder perpendic-
ular to air flow in two different squire wind tunnels and studying the flow
in downstream. Durgin and Karlsson observed that in the case of a large
cylinder (0.114 m diameter at 4.85 m/s), the vortex filaments curve around
the cylinder and because of the virtue of main flow, the vortex filaments
are stretched. Their important observation of the flow in downstream was
that the vortices grow closer together as they travel downstream due to the
slowing down of the main flow. The observations of Durgin and Karlsson
of vortex street formation in downstream provide more understanding of the
frequency behavior in downstream. Using the Hamel-Oseen vortex equation,
they showed that the vortex shape in downstream will in general be converted
into an ellipse, which they also observed experimentally.
Cenedese et al. [6] worked on the analysis of wake behind a cylinder and air-
foil in a water tunnel using a laser Doppler velocimeter (LDV) connected to a
real-time spectrum analyzer. The airfoil was tested in the range of Reynolds
numbers between 4000 and 12000 for various incidence angles. The results of
Cenedese gave a good representation of the relationship between Reynolds,
Strouhal and Roshko numbers. The results showed that the relationship be-
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tween Roshko and Reynolds numbers are linear in the case of constant airfoil
at a constant angle. Moreover, he provided a good understanding regarding
the behavior of Roshko number versus incidence angle, which is placed side
by side with the results of cylinder to give a complete consideration of such
cases.
Basdevant et al. [7] worked on an interesting topic – the coupling between
vortices in downstream. the so-called vortex couples were studied through
laboratory observations. It was observed that by increasing flow Reynold’s
number, the coupling becomes more observable. The flow in downstream
behind the obstacle forms a regular Karmann vortex street, allowing the
vortex coupling to be observed, after which the so-called vortex escaping
could be seen. In addition to the good visualization of vortex coupling in
downstream, Basdevant et al. described the coupling by some correlation of
vorticity, stream function and velocity of coupling.
Figure 1.1: [8]:Instantaneous velocity and vorticity fields at Re = 180
Scarano et al.[8] studied the 3D patterns of vorticity in cylinder wake us-
ing time-resolved tomographic particle image velocimetry at Reynolds num-
bers ranging from 180 to 5540. The time-resolved measurements were done
at Re=180, 360 and 540, whereas the transitional (Re = 1080) and turbu-
lent regimes (Re = 5540) were investigated by snapshots separated in phase
by more than pi/4. The results, achieved using the tomographic PIV tech-
nique, provide an excellent visualization of vortex in cylinder wake flow. As
shown in the figures, the results were numerically treated to provide more
understanding.
Koh [9] worked mathematically on the relationship between the viscous dis-
sipation and the vorticity in incompressible fluids. He formed his mathemat-
ical model and derived some equations to establish the relationship between
the vorticity and viscosity of an incompressible fluid. The change in fluid
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Figure 1.2: [8]: Detail of counter-rotating vortex pairs at Re = 360.
Figure 1.3: [8] Instantaneous vorticity fields at Re = 1080.
kinematic energy is modeled in order to find a right expression of energy
dissipation due to viscosity in the case of vorticity. Using his equations,
he found a good mathematical representation of viscous dissipation in flow
field induced by vortices. Depending on his references, the irrotationality
does not mean that the fluid flow is free-vortex. Koh proved mathematically
that no-slip condition at boundary can cause so-called free-vortex potential
fluid flow. He also discussed the conditions under which the no-slip could be
considered.
Lee [10] used a two-step computational method for studying the vortex-
induced vibrations of a bridge. Lee considered two- and three-dimensional
models of bridge structure under unsteady wind loads to present his proposed
method for studying the fluid dynamics and vortex-induced vibrations. Lee’s
work was focused on bridge structures, which are not relevant to this disserta-
tion but in this section the method which was used will be noted because of its
ability to solve vortex-induced vibrations cases. According to his references,
Lee had taken one assumption into account, which is that the vortex-induced
vibrations of a structure do not significantly modify the fluid flow around it,
since the vibration’s amplitude is less than 10% of the structure size. Lee
used two commercial software products in order to analyze both fluid and
structural domains and couple the results between both of them. ALE was
not used in his work because of its inability to give better results in such
CHAPTER 1. INTRODUCTION 17
cases. Lee used the 2D model to calculate the fluid flow domain and the
3D model to calculate the dynamic response of structure using the output
results obtained from CFD analysis. Lee’s results gave a good representa-
tion and more understanding of coupling and FSI calculations in the case of
vortex-induced vibrations.
Skaugset et al. [11] tried to reduce the amplitude of vortex-induced vibrations
of a cylinder in water by adding water jets on the cylinder side. They obtained
the results by using a direct numerical simulation (DNS) code created by
them. Moreover, they carried out experimental work in order to validate
their work of numerical simulation. The idea of jets has been discussed in
many papers starting from Prandlt 1904 right up to the present paper of
Skaugest et al., which worked on altering both the 2D effect due to vortex
shedding and the 3D effect due to vorticity changing along the cylinder. They
modeled a number of jets on different longitudinal positions on the cylinder
surface. It is clear from the results that the vibration amplitude is reduced
with increasing water jet velocity. More results about drag coefficient were
presented as well. The numerical simulation part was done using hybrid mesh
to focus on the required details of vortex shedding. Both the numerical and
experimental work of Skaugest et al. shows that using hydrodynamic loads,
when inserted on a cylinder surface, reduces the amplitude of vortex-induced
vibrations . The position of jets on the surface play an important role in
modifying the drag coefficients and vibration amplitude, as the results show.
Lucor et al. [12] simulated and studied the vortex shedding behind a cylinder
subjected to an oblique flow. The paper is interesting because inline flow is
always not the real case. The numerical simulation was done using the direct
numerical simulation technique (DNS), in which the turbulence modeling is
not considered. They built their numerical model to be a circular cylinder
subjected to an inclined fluid flow. The inclination angle was taken with
many values to increase the chance of having many conditions of the study
case. The results of Lucor et al. were divided into two main parts – forces
coefficients and flow visualization. The paper presents a good visualization
of the flow behind stationary and vibrating circular cylinders subjected to
oblique fluid flow. The paper showed that the independence principle was
not valid for a large angle of attack. They found the base pressure to be lower
than the value predicted by the IP, and hence, the drag coefficient is higher
than the value predicted by the IP. Even large yaw angles (−60◦ and −70◦)
produced large cylinder cross-flow amplitude. Moreover, the study noted
that the energy in the Strouhal peak disperses and decreases significantly
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with increasing inclination.
Gouxing et al. [13] numerically simulated the vortex-induced vibrations of
a 2D circular cylinder subjected to a fluid flow. In this simulation the tur-
bulence model of K- was used. The SIMPLE algorithm was used to solve
presser field. A non-orthogonal boundary-fitted grid was used as well. The
study is about presenting a numerical approach and proving its feasibility in
solving VIV cases. The numerical approach of Gouxing et al. built on the
Boussinesq assumption to be enclosed in Reynolds averaged Navier-Stokes
equations. The structure dynamic numerical model was presented as well as
a cylinder connected to a spring and damper in both dimensions. Finally, the
results were reasonable and proved that the presented approach is feasible in
such VIV cases.
Su et al. [14] simulated the cases of VIV for a square cylinder. Unlike most
other published papers on this topic, a square cylinder is considered. The
problem is classified to be fundamental. They used their own code for the
simulation. Both rigid and elastic materials are considered at low Reynolds
number of 100. The results gave the value of the Strouhal frequency for the
rigid cylinder. Additionally, five vibration modes for an elastic cylinder were
captured. The study provides a deep understanding of vibration modes. If
the results are compared to equivalent study cases of a circular cylinder, it
will be useful for understanding the influence of body shape.
Chen and Li [15] worked numerically on a study case of a carbon fiber re-
inforced Polymer cable with circular cross-section subjected to a fluid flow
with profile velocity. The commercial software Ansys CFX 10.0 was used for
the numerical simulation. The cable had an inclination angle and was sub-
jected to a water flow at Reynolds number of 100 and 1000. Fluid-structure
interaction modeling was used as well to couple the results between structure
and fluid dynamics. FEM and FVM methods were used for structure and
fluid flow domains respectively. Figure 1.4 shows in 3D the domains of fluid
and structure which were used in the study of Chen and Li. The results of
this paper show that Cable oscillation can affect the vortex shedding frequen-
cies. Xu et al. [16] suggested a numerical model of four circular cylinders
arranged in inline square configuration. The model is two-dimensional and
subjected to low Reynolds number in the order of 200. The spacing (L/D)
between cylinders has six values between 2.5 to 6.0. The results show that
the spacing plays a significant role in vibrating shapes of rare cylinders as
shown in figure 1.5. Moreover, they show that the mean drag and fluctuating
lift forces as well as the transverse displacements of upstream raw of cylinders
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Figure 1.4: [15] both structure (a) and fluid (b) domains.
Figure 1.5: [16] X-Y plot of the four vibrating cylinders versus L/D
CHAPTER 1. INTRODUCTION 20
are larger than those of downstream raw.
Ma and Zhang [17] worked on the effect of Reynolds number and mass ratio
on the 2DOF VIV. They used an overlapping mesh in order to achieve more
control in such dynamic cases. Remeshing was not required, since overlap-
ping mesh was used. The numerical simulations that were done for a fluid
flow had a Reynolds number in the range of 1.0×103<Re<2.0×104. In this
paper the term “mass ratio” is defined as m*= mass of cylinder/mass of
displaced water, and is in the range of 1.0 to 40.0. They concluded that in
the lock-in range, the ratios of Y-only displacements to those of X-Y motions
maintain about 70%, but remain almost the same outside the range. The
ratios of in-line amplitudes to those of cross-flow direction have few rela-
tions with Reynolds number. Furthermore the phase angles between X- and
Y-displacements decrease as the value of m* has much increased.
Di Silvio et al. [18] studied the fluid elastic vibrations by using both mathe-
matical modeling and experimental work. They described the vortex-induced
vibrations as a physical phenomenon by using several mathematical meth-
ods. As a first step, they started to get the acting forces on the structure as
a function of time. The vortex-origin time concept was studied to determine
the control volume on which the momentum equations were to be built. The
vortex-origin time is defined as the instant in which the vortex enters the
stabilized wake. Then the fluid forces were determined by assuming that
the fluid domain deforms in time as well as due to structure vibrations. It
is clear that they modeled an oscillated system. The experimental results
were analyzed and regarded to be a real application to the determined math-
ematical model. The experimental work was done with both water and air
as working fluid. The model presented in this paper was new at the time
because it concerns the physical meaning of the wake width in controlling
both the frequency and the amplitude of the alternate driving force.
Diana et al. [4][5] researched on the topic of vibrations of a cylinder due to
vortex shedding. The two papers gave results regarding two related cases.
It could be said that they complement each other. These papers had been
resulted from experimental work, which makes it a good chance to give a real
representation and deep understanding of such cases. They started with the
case of a circular single cylinder subjected to a fluid flow. In the first case they
found that the Strouhal peak force frequency was f=0.2V/D, where V and
D are the fluid velocity and cylinder diameter respectively. In the first case
the cylinder is supposed to be fixed with no degree of freedom. Afterwards,
the experimental work was done for a second case where the cylinder was
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allowed to be vibrating. In the second case the value of fluid velocity of
the first case was used and then the vortex shedding was synchronous with
average vibrating frequency. As a third case, they placed another circular
cylinder in the wake of the first one, while the upstream cylinder was not
vibrating. If both cylinders have the same diameter, the prevailing harmonic
of the force acting on the downstream cylinder, when not vibrating, has a
much higher amplitude than in the first case, and when it is vibrating, the
range of synchronization is wider than found in the second case. In the last
paper they worked on two cases. The first case of the last paper had two
cylinders, one of which was not vibrating, and placed in the wake of the
vibrating one. Finally they supposed two cylinders with no coupling and
each of them was vibrating at a different frequency. They concluded that
the vibration of downstream cylinder is strongly influenced by the upstream
cylinder vibrations, if both cylinders have the same or very similar natural
frequencies.
McConnell et al. [19] worked on a circular cylinder subjected to continuous
wave motion. Instead of moving the fluid, the study case was supposed to be
a cylinder vibrating in still water. The lift force was measured and plotted in
order to give the frequency. The measured lift force as a function of time was
compared with the theoretical one. The motion of the cylinder is supposed to
be sinusoidal. The results gave more understanding of fluid-structure interac-
tion. The paper presented a parameter called velocity ratio, which could be
expressed as [(A/D)(fd/fn)], where A is the amplitude of input motion, D is
the cylinder diameter, fd is drag force frequency and fn is natural frequency.
The velocity ratio (VR) can be a significant parameter for characterizing
general regions of behavior. Moreover, the lock-on phenomenon is observed
to occur when 0.7 to 0.85 < VR< 1.05 to 1.15. The flow passing around the
cylinder, while it vibrates, had a Reynolds number in the range of 3000 to
25000.
Park et al. [20] did numerical simulations for a cylindrical obstacle in a
fluid flow of Re up to 160. The simulations were done using unsteady high
resolution calculations and under CFL number around 4. One of the in-
teresting plots of this paper is the presentation of the length of separation
bubble as a function of Reynolds number. Whole results of the paper were
compared to other papers from numerical and experimental research on the
same topic. The results comparison showed good agreement, which proves
that the numerical method used is efficient in such cases. The information
of flow quantities on the cylinder surface, which are presented in the pa-
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per, should be valuable in understanding the flow physics and fluid-structure
interaction of similar topics.
Lee and Lee [21] took the usual case of circular cylinder subjected to a fluid
flow to be numerically simulated in order to present a computational method,
in which both fluid and structural solvers are coupled. The method was tested
for Re < 160 and shows good agreement with other published studies. The
study case of this paper was simulated for Re = 200, a reduced damping
parameter Sg = 0.01, 0.1, 1.0, 10.0 and the mass ratio M* = 1, 10. The
cylindrical obstacle was given two degrees of freedom in two-dimensional
domains. The tracking of vibration motion shows the eight-shape which is
usual for this case, as published in other papers. An unsteady incompressible
NS solver was used for simulation. The results show that the cross-flow
vibration amplitude is 6D, where D is the cylinder diameter. The mean
drag force also increases substantially compared to the fixed cylinder case.
Moreover, as it has been shown in other papers, the vibration is strongly
dependent on the mass ratio.
Lam and Lin [22] simulated a three-dimensional circular cylinder with dif-
ferent diameters. The cylinders had a wavy shape with regard to diameter.
The wavy shape of cylinders was described to be sinusoidal. The Reynolds
number of all tested cases had the value of 100˜150. The paper presented a
good visualization of the wake behind the cylinder and it was concluded that
the ratios of shape wavelength to diameter and of shape amplitude to diame-
ter can significantly modify the tree shear layer development and control the
three-dimensional vortices formed behind the wake cylinder. Moreover, the
wavy surface of a cylinder can weaken the vortex shedding and hence it in-
creases the base pressure. Furthermore, the optimal range of the wavelength
was found to be at wavelength to diameter ratio of 5.5 ˜ 6.0, which would
give the greatest effects in drag reduction. Figure 1.6 shows the visualization
which was included in the paper. The paper concludes with some of the
recommended optimized values which describe the shape, for reducing VIV
and vortex in wake.
Lam and Zou [23] numerically and experimentally modeled a four cylin-
der in inline square configuration. The ratio between cylinder length and
diameter varied in range between 1.5˜5.0 along all suggested cases. A three-
dimensional numerical modeling using LES technique was used. The paper
gave similar conclusions to what Xu et al. [16] had concluded for the same
case. If the two papers are compared, then the experimental work of Lam
and Zou gives more deep understanding of the case. Moreover, the work of
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Figure 1.6: [22] Instantaneous vortex structures of wavy (wavelength to di-
ameter = 6 and amplitude to diameter = 0.15) and circular cylinder at Re
= 100 (a, b) and Re = 150 (c,d), respectively.
Xu et al. was two-dimensional. The present paper of Lam and Zou com-
pared the experimental results to the numerical one. The comparison be-
tween numerical and experimental results shows agreement. The paper does
not investigate the vortex-induced vibration but gives more information and
conclusions about flow behind and between cylinders. Good visualization of
vortices was presented as a part of the experimental results.
Bahmani et al. [24] numerically simulated a single cylinder subjected to
a fluid flow. The model used is two-dimensional. They carried out the
simulation using their programmed code in order to validate it. The fluid
flow had a Reynolds number in the range of 70 < Re < 170. The lock-in
phenomenon was also captured at low velocities. Navier-Stokes equations in
terms of vorticity were numerically modeled to solve the case. The cylinder
used was fixed. Their results show agreement with other published ones for
the same case. As concluded the algorithm, which had been presented in this
paper, is accurate enough to give results are agreed with published ones.
Kim et al. [25] had experimentally studied the FIV of a circular cylinder
by attachment of flexible sheets in downstream direction. The sheets angle
varied between 90◦ to -90◦. The flexible sheet length varied between 0.5 to
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3.0 times cylinder’s diameter. The width of sheet varied between 1.0 to and
0.4 times cylinder length. The sheet has a rectangular shape. The results
showed a significant influence of the sheet angle on vibration amplitude to
cylinder diameter (a/D) ratio. The Reynolds number was 4365 to 74200 in
this study. The flexible sheets were attached axially to the cylinder’s surface
to control flow-induced vibration. The optimal length and minimum width
of the flexible sheet that could suppress the flow-induced vibration of the
cylinder are 2 to 2.5 times the cylinder diameter and 0.7 times the cylinder
length, respectively.
Li et al. [26] experimentally studied the hydrodynamic forces for a VIV case
of a flexible circular cylinder. The model used is a 2.6 m steel pipe positioned
in a water tank. The mass ratio of this case was 2.62 with Reynolds number
range of Re < 9600. The gap ratios (gap to cylinder diameter ratio e/D) at
the cylinder ends are 2.0, 4.0, 6.0 and 8.0. The comparison to the published
results was performed and showed good agreement. The effect of gap ratio on
the force and added mass coefficient is weak for e/D > 2.0, but a significant
effect is shown for e/D = 2.0. The study gives the chance for validation of
computational work results for the same case.
Stocks et al. [27] worked experimentally on the stability of the Karman vor-
tex street. The study was done on the secondary instability which happens
to the fluid flow with Reynolds number in the range of 180˜190. The energy
content of four main frequency modes appearing in the wake was measured
before and after transition. The energy content remains largely unchanged
by the transition process in three of the frequency modes. In the fourth
mode of low frequency of turbulent flow (after transition), the energy con-
tent became four orders of magnitude higher than before. This amplification
mechanism was included here because of transition of the flow wake. Briefly,
they carried out some experiments about observing wake behind a cylinder
for different frequency modes, after which the energy content of every mode
was calculated. Finally, the study provided information about the mode un-
der which the amplification mechanism appears, hence the vortex instability
could be observed and studied.
Farge and Sandourny [28] numerically studied the wave-vortex interaction.
When the incompressibility constrain is removed, the two-dimensional turbu-
lence is modified, which is what the paper was trying to explain by carrying
out some numerical experiments. The full Saint-Venant equations were in-
tegrated into the used numerical model. The two flow components, which
in this case are inertio-gravitational and potentio-vertical, were found not to
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have any energy exchange. The authors observed that the potentio-vortical
component of motion behaved as if the fluid is incompressible, in the case of
small scales, while on a large scale its energy cascade becomes low. On the
other hand, on large scales the inertio-gravitational energy cascade became.
Concerning the flow structure in such cases, it was observed that the coher-
ent vortices emerged from such turbulent flow decay. Moreover, the smallest
scale vortices kept themselves concentrated inside the vortex core. The study
is more mathematical and seems complex work because of the low calculation
processing technology at that time compared to today. The paper provides
a good understanding of the visualization of such flow interaction.
Deepwater risers are the most known application for VIV. Tang et al. [29]
worked on identifying the hydrodynamic coefficients of a slender riser model
in the case of VIV. The work is numerical using FSI analysis at the Reynolds
number between 2400 and 9600. The riser model has an aspect ratio of
1750. The LES model, which was adopted by Josefsson and Dalton [30],
was used. A part of this paper was an experimental study, from which
the parameters for structure solver were taken. The hydrodynamic coeffi-
cients were measured for both fundamental and higher frequencies. Both
the single-mode response and multi-mode response of VIV were considered.
The authors concluded that the high-order response frequencies had a sig-
nificant influence on the root mean square hydrodynamic forces. Moreover,
the total hydrodynamic forces at the higher-order frequency components are
significantly larger than those at the fundamental frequency. The negative
or positive signs of the lift, drag and added mass coefficients are influenced
significantly by the phase difference between total hydrodynamic force and
response displacement. The meaning of signs in this section could be ex-
plained as: the positive lift and drag force coefficients are considered when
the dynamic system receives energy from the fluid.
Xu et al. [31] carried out a numerical study with the help of experiments on
the in-line VIV of the slender marine structure. Only the in-line vibrations
were considered. A wake oscillator model was developed to analyze an in-
line VIV of such slender marine structures. Moreover, two different kinds
of van der Pol equations were used to describe the near wake dynamics. It
was concluded that the presented model is not applicable in the case of non-
uniform flows. The results comparison with the experiments concluded that
the presented model reproduces some phenomena which are experimentally
observed.
Based on a VIV lift force model and the Morison equation, Liu et al. [32]
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developed a nonlinear time-dependent VIV model. The developed model
considered the fluid-structure interaction and took the in-line vibrations into
account. The response-dependent lift force with nonlinear damping was con-
sidered to be one of the model characteristics, which makes it different from
other published ones. The results showed that the presented model works
well for describing the VIV of deepwater risers, because of its agreement with
the published papers of the same study case using other models. The model
was developed to simulate the cases under non-lock-in condition as a usual
condition under which the deepwater risers are operated.
Kumar et al. [33] carried out a number of experiments on a square cylinder
subjected to a cross-water flow to study the influence of corner radius on the
near wake structure. Five geometries were studied with different r/B ratio of
0, 0.1, 0.2, 0.3 and 0.5, where r is the corner radius and B is the characteristic
dimension of the body. The flow velocity on the test point is around 0.2 m/s.
The PIV is used to capture the flow field. The results showed an interesting
visualization of the wake behind the tested cylinder shapes as shown in figure
1.7. The case of r/B=0.5 did not show any significant dependence of corner
radius, however other cases did show such significant dependence. The vortex
shedding modes behind the cylinders were characterized by vortex-vortex
interactions. At higher r/B ratios, shedding in the near wake was found to be
more uniform. Unlike the stationary cylinders, the near wake of cylinders is
found to exhibit motion-induced vortex shedding as well as impinging leading
edge vortex shedding. The Strouhal number showed nonlinear increasing
with respect to r/B ratio in the case of an oscillating cylinder. A so-called
passive shedding mechanism was observed in which the vorticity supply to
the vortex being shed is not actually cut and the grown vortex is merely
pushed downstream by its co-generated vortex. Finally, the results showed
that increasing the corner radius can prevent the proneness to the FIV.
As a solution to suppress the VIV, Li et al. [34] supposed controlling the VIV
of a cylinder by using a micro actuator. The experiments were carried out
for two side-by-side circular cylinders. One of those cylinders was elastically
supported and other one was fixed supported at both ends. Both vibrated
under the effect of FIV. A micro actuator was placed on the surface of each
cylinder in order to control it as explained. What the actuators had done was
to perturb the flow boundary layer on the cylinders surfaces. The spacing
ratio is fixed at 1.2. The results showed a significant influence of such a
method for reducing the response frequency to a value around 2.665 s−1. The
results were very sensitive to the actuator excitation frequency and showed
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Figure 1.7: [33] Vortex shedding sequence over an oscillatory cycle for r/B=0
that the actuators caused a vibration energy decrease of about 80%. It was
found that the most effective position of such an actuator should be near to
separation point on the surface cylinder and hence the optimum location was
found to be at O=100◦. Moreover, it was concluded that the actuator has
critical excitation amplitude. Under this critical excitation amplitude, the
influence would not be significant and the suppression would be slow.
One of the most interesting references found was the final report of a project
at Texas A&M University by Chen et al. [35]. The project aimed to have
results from some computational experiments for deepwater risers under real
conditions. The simulations were carried out at Reynolds number from
O(105) to O(107), with the aim of modeling the lock-in phenomenon. The
authors used both LES and RANS models at different Reynolds numbers.
The flexible different types of risers with aspect ratio L/D = 1400 were sim-
ulated. In figure 1.8 the mesh used for multi-risers is shown. As shown in
the figure, Chimera overset multi-block mesh was used to reduce the time
of calculation. A 2D simulation of a flow past a fixed riser at low Reynolds
number less than 40 had been also performed as a fundamental simulation.
Some results were compared with the previous experiments and showed good
agreement. The surface roughness effect was also taken into account. Figure
1.9 shows the X-Y response of a single riser subjected to low Reynolds num-
ber flow. As a final conclusion of the project the straked riser, the straked
riser gave best performance and less vibrating amplitude.
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Figure 1.8: [35] Chimera overset mesh used for multi-riser VIV simulation
during A&M project.
Figure 1.9: [35] the X-Y response of a single riser at low Reynolds number
of A&M project.
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Figure 1.10: [35] the X-Y response of tandem risers at low Reynolds number
at spacing of T/D = 5.5(A&M project).
Figure 1.11: [35] the vorticity of tandem risers at low Reynolds number at
spacing of T/D = 5.5(A&M project).
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1.4 Aim and scope of the research
That dissertation is mainly aimed at studying the vortex-induced vibrations
phenomenon and introducing a suppression device for deep water risers. By
presenting and validating a developed numerical tool for solving and predict-
ing the behavior of the mentioned vibrations in deepwater risers under the
environmental conditions, the phenomenon could be studied computation-
ally. Although the presented computational tool has common basics with
the mentioned work of Habchi et al [48], it has a wider range of applicability.
The dissertation has furthermore some secondary goals. The main goals can
be summarized as follows:
1. Introducing a VIV suppression device.
2. Coupling of two computational solvers in order to get a prediction tool
for multi-physics cases.
3. Validation and testing of the presented computational tool.
4. Studying the vortex-induced vibration phenomenon using the presented
computational tool.
5. Understanding the effect of design shapes and parameters, e.g. addition
of strakes, on the mentioned phenomenon.
The scope of research of the present dissertation is focused on the prediction
of the behavior of the deepwater drilling risers under real environmental
conditions by using computational simulation, in addition to the evaluation
of a presented vortex-induced vibrations suppression device. However the
future outlook in chapter 6 recommends that the presented tool should be
validated for a wide range of industrial cases.
In chapter 2 the modeling is discussed from both the mathematical and phys-
ical viewpoints. This chapter was written mainly based on the references
[49], [50], [53], [54], [55], [60] and [72]. The chapter presents the mathemat-
ical equations and its implementation into a numerical solver step by step.
Furthermore, the coupling between different physics domains is discussed
in this chapter from both viewpoints. Moreover, chapter 3 has the scope
CHAPTER 1. INTRODUCTION 31
of validation and verification of the presented modeling. The validation of
the presented fluid-structure interaction tool is carried out by comparing the
calculated results by comparable published experiments.
In Chapter 4, the validated tool have been used to study the design and
shape parameters on the vortex induced vibrations. By simulating different
shapes, the effect of adding strakes to the deep water riser has been investi-
gated. The chapter has introduced to the importance of optimizing the shape
of deep water risers as a solution for vortex-induced vibration suppression.
From both views of single-physics (rigid submersed bodies) and multi-physics
(flexible submersed bodies) the effects of design parameters and shape on the
vortex-induced vibrations have been presented.
Chapter 5 is presenting a review on different vortex-induced vibrations sup-
pression devices for the deep water risers. Depending on the understanding,
which has been introduced in chapter 5, a vortex-induced vibrations suppres-
sion device has been introduced. The suggested design has been investigated
using the presented computational tool.
Chapter 6 gives an overview on the contributions of the present work and




In this chapter, the mathematical modeling of vortex-induced vibration as
well as the implementation into an OpenFOAM solver is presented. The
theory and nature of the phenomenon will be placed at the beginning to pave
the way for mathematical modeling. When the vortex-induced vibrations of
flexible bodies is mentioned, the term multi-physics modeling should also be
mentioned. In such computational modeling, two domains are present. The
fluid model has to be solved to a certain time step and then the information
or the output data should be transferred somehow to the solid domain for
further solution. Such a loop has to be coupled, so that the coupling in
fluid-structure interaction, which is the general title of such cases, has a
potential importance. Unlike the usual fluid-structure interaction cases, the
vortex-induced vibrations cases have to take into account eddies, and the
flow modeling has the significant role in such type of work.
2.1 The Nature of the Vortex-Induced Vibra-
tions
The topic is about two physical domains interacting and influencing each
other. The case physics therefore has to deal with both interacting domains
as well as the interaction or so-called coupling at the interface. At the in-
terface, a physical modeling of the domains coupling has to be taken into
account. The following sections will present and explain these items from
the viewpoint of physics. The Fluid-Structure Interaction is a physical phe-
nomenon produced by the pressure difference caused by fluid flow around
32
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Figure 2.1: The effect of Reynolds number of the flow around a cylinder [43].
a structure. It can be associated by the physical understanding of Flow-
Induced-Vibrations and vortex-induced vibrations. The structure in this
case is loaded by a static load caused by a pressure difference, which can
be occured due to the dynamic instability of the structure. The phenomenon
known as Flutter occurs when the damping is less than the energy transferred
by the vortex-induced wake and creates a resonance with the structure with
negative damping [40, 41].
2.1.1 The Fluid Flow
As per the potential theory of fluid flow, the flow around an obstacle becomes
symmetric at low Reynolds number [42]. The fluid flow losses this symmetry
as the Reynolds number gets high [2]. Figure 2.1 shows how the flow around a
circular cylinder could be affected by increasing the diameter-based Reynolds
number.
The concept of the vortex flow basically is about the separation point insta-
bility. This instability, which occurs at certain ranges of Reynolds number
as mentioned above, generates the so-called vortex shedding in wake flow.
CHAPTER 2. THE COMPUTATIONAL MODELING 34
Figure 2.2: The physical meaning of the separation point on cylinder surface
[44].
Figure 2.2 shows graphically the physical meaning of the separation point on
cylinder surface.
The shape of vortex shedding is not a common property for all cases, but
it differs according to some other physical properties of every case. Figure
2.3 shows the different shapes of vortex shedding. As a result of what has
been explained above, the pressure and forces on the obstacle surface will be
unstable as well. The instability of lift and drag forces will result in body
motion, if it has one or more degrees of freedom. Figure 2.4 shows Pressure
coefficient radial distributions on a cylindrical obstacle surface subjected to
vortex flow conditions. As shown in figure 2.4, the distribution curves seem
to be symmetric around 0-point. Because of separation point position insta-
bility, this curve loses its symmetry. As a result of this scenario, the drag
and lift values on the surface fluctuate. If the solid body is free to move, it
will vibrate as a rigid body or be deformed as a flexible obstacle.
2.1.2 The Nature of the Flexible Solid
In this section, a general view on solid deformation physics is presented. It
will only be focused on what is related to and covers the vortex-induced
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Figure 2.3: The different shapes of vortex shedding [45].
Figure 2.4: Pressure coefficient radial distributions on a cylindrical obstacle
surface subjected to vortex flow conditions [46].
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Figure 2.5: A simple graphic shows the quantities exchange at the fluid-solid
interface. Where duI , vI are displacement increment and velocity from the
solid side respectively and dpI , dtI are pressure viscous force increment from
the fluid side [53].
vibrations topic.
Since forces are exerted on a solid surface, the solid will respond physically by
presenting deformations according to its given degrees of freedom. The de-
formations and their properties depend significantly on the material physical
properties, e.g. elasticity.
Elastic materials are commonly used for VIV investigations. The present
work considers only elastic materials. Moreover, in the following sections 2.2
and 2.4, more information will be presented regarding elasticity of solids and
its influence on the VIV investigations.
2.1.3 The Coupling
Under the general title of fluid-structure interaction - FSI coupling, a general
meaning of multi-physics interface could be specified to include solid defor-
mation caused by fluid pressure. At the interface between the two physically
different domains, the physical quantities such as pressure are transferred.
Moreover, the deformation of the interface must be transferred from the solid
domain to the fluid domain. In addition to physical quantities exchange, the
fluid domain has to be updated to adopt the solid deformation. The cou-
pling therefore is a main issue to be considered at physical and mathematical
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modeling for any FSI case and not only VIV. Figure 2.5 shows graphically
the exchange between solid and fluid regions.
2.2 Mathematical Interpretation
As for any other mechanical system, the fluid flow is usually governed by
conservation laws. Three common laws of conservation are usually applied
to the fluid flow system. Unlike any other mechanical system, the fluid
flow is difficult to track through a specific set of particles. The so-called
Eulerian system is therefore commonly used in this case. The Eulerian system
means that the equations are written for a fixed volume in space, which does














In this section the mathematical modeling is represented [72]. Consider an
isothermal continuum element in an arbitrary volume V bounded by a sur-
face S at a time t. The continuum is then governed by the fundamental
conservation laws for mass.
∂ρ
∂t
+∇. (ρU) = 0 (2.2)
Where ρ is the continuum density (whether it is a fluid or solid constituent),
U is the constituent velocity, which is represented to a Cartesian coordinate
system with basis vectors, taken on the components [vi]i=x;y;z. The subscript
“i” refers in this equation to the element numbering in one dimensional space.
Since the flow is incompressible, the equation 2.2 could be written as follows:
∇.U = 0 (2.3)
The conservation of momentum is basically driven by Newton’s second law,
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Where F represents the vectorial force acting on the Eulerian volume, where
m represents the mass of fluid in the Eulerian volume. This vectorial force
also includes the surface forces, i.e. pressure and viscous force.
Equation 2.4 includes a total time derivative, which could be used along with

















Where p, τ and q represent pressure, viscous stress tensor and body acceler-
ation of the element i (i.e. external term of momentum) respectively.
The convective term ρ∇. (UU) has a total of nine components correspond-
ing to three convective terms in each of the three equations, from which the
unnumbered equation is derived. Even if the term with the divergence of
velocity is zero in an incompressible case, it must be included in the equa-
tions when an iterative procedure is used for solving a steady-state case.
The reason is that mass conservation is not guaranteed during the solution
process.









+ dijλ (∇.U) (2.6)
τij=
 τxx τxy τxzτyx τyy τyz
τzx τzy τzz

Where dij represents the unit tensor for the element with position i and j,
while dij is 1 for i=j and is 0 for i6=j. The term λ is so-called λ− viscosity
which is disappeared, since the term (∇.U) is equal to zero according to the




, τyy = 2µ
∂uj
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, τzz = 2µ
∂uk
∂z
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Where µ is the dynamic viscosity.
By defining the term shear stress tensor as τ
ρ
= 2vS, where v is the kinematic
viscosity, which could be related to the dynamic viscosity as v = µ
ρ
, the












Since the density is a constant value, the momentum equation 2.5 in its final




















The foregoing equation is more commonly known as the Navier-Stokes equa-
tion. The fluid flow is governed by unsteady Navier-Stocks equations for
viscous incompressible fluids. Since these equations are only valid for static
meshes [48], the so-called Arbitrary Lagrangian–Eulerian mapping must be
used. This kind of mapping is very commonly used in fluid-structure inter-
action solvers.
The mapped governing equations could be written in the following form:
∂U
∂t
+ (U − Um)∇U = −∇p
ρ
+ ν∇2U (2.9)
Where U, Um, p, υ and ρ are fluid velocity in static fluid domain at time
zero Ω(f, 0), mesh velocity in fluid domain Ω(f, t), pressure and fluid density
respectively. The difference between fluid velocity and mesh velocity is called
the convective term.
Finite volume discretization
The presented solver mainly discretizes the fluid and solid domains into finite
volumes, which are commonly called cells. The presented tool uses the finite
volume method in both solid and fluid domains. The values are basically
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Figure 2.6: Cells in OpenFOAM (reprint from [72])
restored in the center of cells. The finite volumes must be always positive,
while they fill the entire domain. On faces, the results or values must be
mapped by using a cell-to-face mapping. Figure 2.6 shows two cells, as
OpenFOAM understands [72]. The figure shows P and N cells at center-to-
center distance of d and cell common surface vector Sf . Every cell therefore
has a neighbor and a surface vector towards the neighbor called n, while the
common surface f has an area of | Sf |. The surface vector therefore has a
value equal to the multiplication of both vector n and surface area Sf .
The distance vector d, which connects the center of owner cell P to the
neighbor cell N, could be formulated as d = PN . The owner surface vector
can be likewise expressed as Pf ,which connects the center of owner cell to
the common face center. The vector Nf could be expressed in the same way.
Such space discretization is general and based on so-called unstructured
mesh. For structured mesh, the discretization will be more mapped because
the distance vector in this case will usually be co-lineared to the surface
vector.
Discretization of governing equations according to the finite volume approach
requires that they should be integrated over a control volume [72]. As men-
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tioned, the general governing equation could be expressed as follows:
∂Φ
∂t
+∇ · (UΦ) = ∇ · (α∇Φ) + qΦ (2.10)
After integration over control volume, it becomes:







∇ · (UΦ) dV =
︷ ︸︸ ︷∫
V




Since the time derivative and source term are straightforward integrations,
the implicit Euler method could be used for the approximation. The implicit
Euler method is used in the present work for the fluid domain discretization.




dV ≈ 3(ΦV )
n+1 − 4(ΦV )n + (ΦV )n−1
2∆t
(2.12)
Where the superscript n as well as n+1 represent the time marching lev-
els. The so-called Gauss divergence theorem [73] could be expressed in the
following form: ∫
V
∇ ∗ ΦdV =
∫
S
Φ ∗ dS (2.13)
Where Φ is a (smooth) tensor field, ∇∗ represents any of the derivatives ∇·
(divergence), ∇×(curl) or ∇(gradient). It is considered that the surface S is
closed and encloses the volume V p and dS is a surface vector pointing out
of the volume. Applying this expressed theorem to convective term will turn
the volume integral to surface integral as follows:∫
V




By applying a summation over finite discrete parts, Sf , of surface S, the
convection term can be approximated as follows:∫
V







By applying the same scenario on the diffusion term, the discrete form of the










(a∇Φ) ·Sf + VPqΦ (2.16)
CHAPTER 2. THE COMPUTATIONAL MODELING 42
The variables in this equation are stored in finite volume center and need to
be expressed on surfaces (since the integral form is turned into surfaces as
well). The interpolation should be used to carry out this task. Many types
of interpolation could be used for such a task, e.g. linear interpolation [72].
Turbulence and eddies
For VIV cases the large eddy simulation – LES is mostly used. In this section,
the LES turbulence model will be explained. For removing the small scales
from Navier–Stokes equations, the LES filter has to be applied, allowing the
numerical solution to be carried out more quickly. The LES filter can be
applied on a field Φ(x,t)which is spatial and temporal, e.g. velocity field of a
fluid flow. The LES filter operation could be temporal, spatial or both. The
















The upper bared symbols represent the filtered variables, while t
′
and r are
spatial and temporal steps values.
G is the filter convolution kernel, where: Φ = G ∗ Φ






























Where p is the filtered pressure field and Sij is the rate-of-strain tensor.
The nonlinear filtered advection term uiujcould be expressed as follows [51]:
uiuj = τ
r
ij + uiuj (2.19)


















Beside the foregoing filtering of the mass and momentum equations, the
kinetic energy equations should be filtered as well. The total filtered kinetic
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The total filtered kinetic energy E could be decomposed into two terms: the
kinetic energy of the filtered velocity field Ef and the residual kinetic energy















E = Ef + kr (2.24)
By multiplying the filtered momentum transport equation byui, the conser-

















= −f − Π (2.25)
Where f = 2νSijSij is the kinetic energy dissipation of the filtered velocity
field by viscous stress, and Π= −τ rijSij is the sub-filter scale (SFS) dissipation
of kinetic energy.
The left-hand side terms represent transport, and the right-hand side terms
represent the dissipated kinetic energy sink [52].
The so-called one-equation LES model solves one turbulent transport equa-
tion, usually the turbulent kinetic energy.
2.2.2 Solid Domain
In the present study, a finite volume structural solver employing an incremen-
tal strain-updated Lagrangian approach is used for solving the solid domain.
This section will explain the mathematical modeling for this part of the
solver.
This mathematical modeling allows strains in a good range, which is needed
in the field of deep risers engineering as well as the validation study case of
the present study. This part of the solver had been developed as explained
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in the research paper of Tukovic et al. [54]. The motion of an isothermal
continuum in an arbitrary volume V bounded by a surface S is governed by
the mass and linear momentum conservation laws, which is mathematically
presented in the equations 2.26 and 2.27, which could be somehow considered

















n · ρ (~v − ~vs) dS =
∮
S
n · σ dS (2.27)
where ρ, n, v, vs and σ are the continuum density, the outward pointing unit
normal to the surface S, the velocity of the continuum, the velocity of the
surface S and the Cauchy stress tensor respectively.
The rate of change of the volume V and the velocity vs could be written in
a mathematical relationship expressed in the following equation 2.28. This








n · vs dS = 0 (2.28)
The presented solver is assumed to deal with elastic and isothermal struc-
tures. The behavior of such structures is usually described by only the lin-
ear momentum conservation law in its Lagrangian formulation, which is ex-








n · σ dS (2.29)
For the initial configuration, at which the structure is unreformed, the fore-










Σ · F T ) dS0 (2.30)
Where the subscript 0 expresses the initial configuration quantities, while u
and v are displacement vector and velocity vector respectively. The quantity
F expresses the deformation gradient tensor, which could be defined in the
following equation 2.31.
F = I + (∇u)T (2.31)
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The Σ in this context represents the second Piola-Kirchhoff stress tensor.





F · Σ · F T (2.32)
The displacement vector u is defined as the difference between the initial
position of the particle set and its current configuration value u = r - r0.
The incremental from the equation 2.30, which represents the total La-
grangian description of the linear momentum conservation law, could be










δΣ · F T + Σ · δF T + δΣ · δF T ) dS0 (2.33)
Where the symbol δ represents the increment of the attached quantity.
As mentioned, the updated Lagrangian formulation is used in the presented
solver mathematical modeling. By identifying that F=I in the foregoing











δΣu + Σu · δFuT + δΣu · δF uT
)
dSu (2.34)
The subscription u represents the quantities related to the updated configu-
ration. The foregoing equation 2.34 is supposed to be the main form on which
the final formulation of the presented mathematical modeling is based. The
update configuration namely performs a tensor transfer of the accumulated
second Piola-Kirchhoff stress. Such tensorial transformation is identical to
Piola-Kirchhoff into Cauchy stress tensor transfer.
By implementing the relationship between Piola-Kirchhoff stress and Green-








nu · (2µ+ λ)∇dudSu =
∮
Su
nu · q dSu (2.35)
Where the diffusivity term (2µ+λ) contains the Lame’s coefficients µ and λ.
Moreover, the normal derivative of the displacement increment at boundaries
with specified traction and pressure increment depending on the basis of
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equation 2.35 could be mathematically expressed as follows:
nu · ∇du = [
(dt− dpn) dS
dSu




















Where t and p represent the traction and pressure respectively.
Finite volume discretization
In the present work, the dynamic behavior of the considered structure is being
described by the linear momentum conservation law written in its incremental
updated Lagrangian form. The computational mesh therefore must be moved
at each time step by using the displacement increment vector obtained in the
previous time step. In the applied cell-centered finite volume method, the
unknown displacement increment is calculated at the control volume center.
In order to move the mesh, the displacement increment must be interpolated
from the control volume centers to the control volume points. This procedure










where δup is the point displacement increment, δuc is the cell center dis-
placement increment and the summation is preformed over all cells, which




|rp − rc| (2.38)
where rc is the cell center position vector and rp is the point position vector.
The spatially discretized form of the equation 28 for the updated control
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(2µf + λf )nfu · (5δu)fSfu =
∑
f
nfu · qfSfu (2.39)
where the subscripts P and f represent the cell and face values. The face
values of all dependent variables are calculated by linear interpolation of the
neighboring cell values.
Degree of freedoms and frequency
Both definitions need to be mentioned in this context. The vibration fre-
quency of the studied structure has important physical and mathematical
relationships which required to be clearly explained in this section of disser-
tation.
As mentioned in the reference [54] and as understood mathematically from
the foregoing equations 2.29, 2.30, 2.31 and 2.35, the finite volume in the
solid domain can move in 6 degrees of freedom (since the domain is supposed
to be discretized into finite volumes, as discussed). The mentioned finite
volume can namely translate into the three Cartesian coordinates and rotate
around them. This condition is trivially applicable if the studied case is
basically three-dimensional. In the present work, all considered cases are
three-dimensional, which means that every solid in these considered cases
has basically 6 degrees of freedom.
Avoiding lock-in phenomena is an important topic when studying VIV. The
phenomenon of lock-in happens when the vortex shedding frequency becomes
close to the natural frequency of vibration of the structure. Because of this,
checking the frequencies and possibility of lock-in occurring should be men-
tioned in this scope.
Calculating the Strouhal number gives a dimensionless value, which relates
the vortex shedding frequency f to obstacle diameter d and flow velocity u




Measuring or calculating the natural frequencies in both conditions wet and
dry is therefore recommended. In the present ,study the natural frequencies
of the studied structures were calculated numerically using “ANSYS Modal”.
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Xu et al. [74] studied mathematically the frequencies in fluid structure inter-
action. A mathematical modeling and analysis were clearly done in this refer-
ence. Although the presented solver cannot give a direct frequency analysis,
the mentioned reference provided the best knowledge to the author regarding
this topic.
2.2.3 Coupling
The coupling in fluid-structure interaction cases is always an important issue.
Fernandez [71] made a comparative study of every type of coupling and
their formulation, providing the author with a good overview of the existed
coupling techniques.
Usually the solution of coupled problems has two main categories of coupling,
i.e. monolithic and partitioned. In the following text, the difference between
these will be discussed. Moreover, the reasons under which the presented
solver coupling was chosen will be explained.
The monolithic approach represents the strong coupling algorithm for the
fluid-structure interaction problems [53]. It is recommended and considered
when the interaction is very strong. It has the advantage of good stability and
convergence. However, in some cases it can lead to ill-conditioned matrices
or sub-optimal discretization. In other cases sub-optimal solution procedure
in fluid or solid region can be expected. Because of its suitability and the
disadvantages mentioned, this technique was not used in the presented solver.
The partitioned approach can represent both weak and strong coupling of
fluid-structure interaction problems [53]. This technique has a wider range
of flexibility than the monolithic regarding coupling strength. Although the
coupling is commonly used for weakly coupled problems, it can also be mod-
ified to suit the strongly coupled ones. The strong coupling can occur by im-
plementing an additional iteration loop over partial solvers, which requires
a convergence acceleration method. Using this technique, the coupling is
achieved by enforcing the kinematic and dynamic conditions on the interac-
tion interface. The main features of this technique can be summarized in the
following main points:
1. Sequential solution of solid and fluid solvers only once per time step.
2. Implicit coupling.
3. Preservation of 2nd order time accuracy needs special attention.
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For weakly coupling techniques, the solution in stability occurs in the cases
in which incompressible fluids (e.g. water) and a light or highly flexible
structure (e.g. flexible rubber) exist. The density ratio in such unstable
cases is usually about 1. The experiments of Tukovic et al. [54] show that
the instability for such weakly coupled problems grows with decreasing time
step size, density ratio, fluid viscosity or solid stiffness. Appendix A gives an
overview of the standard weakly coupled fluid-structure interaction solver of
OpenFOAM.
The selected coupling approach in the present study has a partitioned ap-
proach with strong coupling algorithm. Moreover, an updated Lagrangian
finite volume solver for elastic solids is used. The selected coupling technique
is therefore the adaptive under-relaxation and the strong coupling of Aitken.
The formulation and concept of the selected coupling technique will now be
explained.
The adaptive iterative under-relaxation algorithm of Aitken and a partitioned
strong coupling are selected to be implemented and used in order to achieve
the best results for the case study of deepwater risers [53]. Figure 2.7 shows
the coupling loop as a part of the presented solver.
2.3 Stability
The stability of a fluid-structure interaction partitioned coupling using Aitken
under-relaxation algorithm was investigated in some research papers. Some
research works have concluded that the number of coupling iterations in-
creases as the time step decreases or along with increasing the solid flexibility,
which can play a role increasing the strain of structure [55].
As concluded by Degroote et al. [55] as well as the present study, the un-
stable components of coupling usually appear in the first coupling iterations.
Moreover, the large deformations have a significant influence on the whole
coupled solver. Such large deformations will be transferred through coupling
to the fluid mesh, which could crash the whole process. Unlike the work of
Degroote, the present solver shows more influence of mesh refinement, with
large deformations able to be overcome by finer meshes. This point will be
discussed in more detail in the next chapter under the validation topic.
Wong et al. [56] agreed with the point of view of Degroote as well as the
present study regarding the flexibility of structure and density ratio. Fur-
thermore, they agreed with the present study and paid more attention to the
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Figure 2.7: A simplified flow diagram of the presented solver includes the
coupling loop.
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coupling relaxation factor.
2.4 Main Parameters
Some physical parameters have a significant influence on the numerical solu-
tion of FSI cases, especially the cases concerning the deep water risers. These
parameters will be presented in the following paragraphs.
Density ratio is one of the main parameters to be considered when an FSI
case is investigated. The density ratio in this context means the ratio between
fluid and structure densities. When this ratio is about 1, the strong coupling
is needed and large deformation is expected, i.e. rubber and water. A term
called mass ratio sometimes can be used instead or along with the density
ratio. In the case of fully submerged bodies, there will be no value difference
between either of the quantities.
Young’s modulus of a structure is the parameter on which the initial ex-
pectations of the strain are made. Young’s modulus can be determined by
dividing the tensile stress by the extensional strain in the linear portion of
the stress–strain curve. Poisson’s ratio is an important parameter, which
showed an influence during the numerical investigations of the present work.
Poisson’s ratio is defined by the ratio between the axial to transverse strains
of the solid. The input of this quantity has an influence on considering the
strain direction of a solid. Most of the used materials in the field of deepwa-
ter risers have a Poisson’s ratio between 0.3 and 0.4. Decreasing such a ratio
may bring stability to the numerical solution of an FSI case, but the results
will not be valid.
Fluid physical properties have a major influence on the solution. The fluid
viscosity is an important property which should be discussed. The initial
influence which could be caused by fluid viscosity is on the value of Reynolds
number. Furthermore, the most significant influence of such a physical quan-
tity is on the value of shear forces of the fluid, which are transferred through
the fluid-structure interface to the solid.
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Figure 2.8: Reprinted from Becker et al. [57] shows the use of NURBS control
points for surface optimization instead of using all the grid points.
2.5 Shape optimization and mesh-morphing
dynamics
The interface surface is deformed at every time step and needs to be optimized
in order to get the optimum solution time for both solvers participating in
an FSI case solution.
Becker et al. [57] introduced a study on FSI shape optimization, depending
on the main concept that the FSI shape optimization is a result of shape op-
timization of higher order surfaces accompanied by efficient time dependent
optimization.
The obvious discrete approach which depends on the grid points as design
variables costs more computational time for surface optimization than the
developed approaches (e.g. the basis vector approach, CAD-based methods,
polynomial and spline approach) which can reduce these design points in
order to decrease optimization efforts. Instead of using whole grid points to
relocate in order to optimize the surface, NURBS curves can be used which
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depend on fewer design points, in other words they can be optimized using
the so-called control points. According to Piegl [58] they are vector-valued
piecewise rational polynomial functions.
Figure 2.8 shows the shape optimization using the location of control points
only as a fast way. Becker’s study concludes that this way is not only fast
but gives high accuracy as well.
The velocity-based method of Laplacian smoothing was used for moving the
mesh in the present study. This part of the presented solver was built based
on the formulation of Laplacian smoothing in both papers of Tukovic et al.
[59] and Lohner et al. [60].
To explain the fundamentals of finite volume FV mesh motion, the con-
servation mathematics of the static FV should be introduced as well. The
static mesh FVM is mainly based on the integral form of the conservation
equation over a control volume fixed in space. Figure 2.9 shows a graphical
representation of a general finite volume cell [59].
The second-order finite volume discretization of the conservation law carries
out a transformation of the surface integrals into sums of face integrals and
makes an approximation of them to the second order by using the so-called
mid-point rule [59]. The resulting mathematical formulation could be written
as follows:
(ρPΦPVP )
n − (ρPΦPVP )o
∆t
+ Σfρf (F − Fs) Φf = −Σfsf ·ρqΦ +SΦVP (2.40)
Where the subscripts P and f represent cell and face values respectively, and
superscripts n and o represent the new and old time level respectively, while
V is the volume, F is the fluid flux and Fs is the mesh motion flux. In
this equation the F value is supposed to be obtained as a part of the solution
algorithm. The obtained F value therefore must satisfy the conservation laws
applied to its domain.
2.6 Linear systems solvers
The linear systems solvers are an input data in the OpenFOAM solvers. In
the following subsections, the focus will be on those kind of solvers which are
used in the processing of the study cases discussed in the present work.
GAMG solver: Geometric agglomerated algebraic multi grid solver (also
named Generalized geometric-algebraic multi-grid in the manual) [75] can
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Figure 2.9: A finite volume cell (reprint from reference [59])
be the optimal choice for pressure field calculations [76]. GAMG uses the
principle of: generating a quick solution on a mesh with a small number of
cells; mapping this solution onto a finer mesh; using it as an initial guess
to obtain an accurate solution on the fine mesh. Its aim is to be faster
than standard methods when the increase in speed by solving first on coarser
meshes outweighs the additional costs of mesh refinement and mapping of
field data. The switching from a coarse mesh to the fine mesh is handled by
the agglomeration of cells, either by a geometric agglomeration where cells
are joined together, or by an algebraic agglomeration where matrix coeffi-
cients are joined.
smoothSolver solver: this uses a smoother for both symmetric and asym-
metric matrices and is recommended for velocity field calculations.
PBiCG solver: this is a preconditioned bi-conjugate gradient solver for
asymmetric matrices.
PCG solver: this is a preconditioned conjugate gradient solver for symmet-
ric matrices.
A preconditioned iterative solver solves the system
M-1Ax = M-1b
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where M is the preconditioner. The chosen preconditioner should make sure
that convergence for the preconditioned system is much faster than for the
original one. This leads to M (mostly) being an easily invertible approxima-
tion to “A”.
All operations with M-1 should be computationally cheap. For multiplica-
tions with vectors the matrix-matrix multiplication M-1A does not have to
be calculated explicitly, but can be substituted by two matrix-vector calcu-
lations. The above example was a left preconditioning, but central and right
precondition also exist. In simple terms the preconditioner leads to a faster
propagation of information through the computational mesh.





In this chapter, a numerical solver for fluid-structure interaction is pre-
sented. Furthermore, some benchmark cases are computationally simulated
and hence the results are analyzed in the sense of validation.
Pure water was considered to be the working fluid in all of the 3D simulations,
while no other exceptions were written. The slandered physical properties of
pure water are therefore considered.
3.1 Code Methodology and Implementation
This section focuses on the platform as well as the FSI solver. The platform
(or in other words openFOAM C++ toolbox), on which the presented FSI
solver was developed, has many facilities to be a good environment for the
presented FSI numerical solution.
3.2 OpenFOAM Platform
OpenFOAM (Open Source Field Operation and Manipulation) is a C++
platform or toolbox for the numerical solvers of quantum mechanics prob-
lems, i.e. computational fluid mechanics. The platform has a wide range of
utilities which are helpful for processing the preprocessing a computational
case. It has an open-source license, which gives a good chance for developing
specific solvers for special study cases.
By using the object oriented programming and the operator overloading,
the implementation of the differential equations becomes easy enough to be
56
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solved and enables the developers to establish or modify a solver.
Working on this platform is dependent on the concept of “low cost and high
effort”, so that many industrial firms and more scientific institutions world-
wide use it for solving some specific cases.
3.2.1 Solver Implementation
This section will explain the main parts of the FSI solver, by which the cases
in the present study were numerically investigated. The algorithms of solid
and fluid domains as well as coupling are described.
Pressure and Velocity algorithms
Figure 3.1: PIMPLE algorithm flow diagram.
The PIMPLE algorithm is used for coupling the pressure and velocity fields.
It is a hybrid algorithm on which PISO and SIMPLE algorithms are merged.
Figure 3.1 has a flow diagram showing the procedure of the PIMPLE loop,
which is implemented in the solver.
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Solid domain algorithm
Figure 3.2: Solid solver algorithm flow diagram.
By using a finite volume method, the solution of the solid domain is de-
termined. The solid solver has to obtain both solid domain deformations
and velocities. The main file of solid solver will initially check the closed
temporal derivation scheme. The solid solver algorithm then calls either the
Euler or backward scheme solver. Both solver algorithms are typically the
same but they differ in the way they deal with the results of the previous
time-iteration. The main header algorithm of the solid solver is written as
follows and figure 3.2 shows the flow diagram.












<< "Wrong temporal (ddt) scheme for solid solver. "
<< "Possible schemes are: "
<<fv::EulerDdtScheme$<$vector$>$::typeName$<$$<$ " and "
<<fv::backwardDdtScheme$<$vector$>$::typeName
<<abort(FatalError);
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}
Coupling
The most important part of any FSI or multi physics numerical solver is that
part carrying out the information exchanges between the different physics
domains, which is called coupling.
After calculating the needed values from the fluid solver, a code is used to
set the forces for further transfer to the solid solver. The code part is written
inside a header file called setInterfaceForce.H, which has also the task of
calculating and writing out the total traction force, and is implemented as
follows:
Info <<" Setting traction on solid patch "<<endl;










































































Info <<" Total traction force = "
<<totalTractionForce<<endl;
Similarly, the header setInterfaceDisplacement.H sets the displacement on
the interface. According to the preselected scheme of coupling, the code car-
ries out its job. As mentioned, the presented mathematical modeling mainly
depends on the Aitken scheme coupling method, but the solver can also work
on a fixed relaxation coupling scheme. This header has been implemented as
follows:
Info <<"\nTime = " <<runTime.timeName()
<< ", iteration: " <<outerCorr<<endl;
if (outerCorr< 3 ||couplingScheme == "FixedRelaxation")
{
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}
Because of mesh issues and its dynamic nature, the values around the in-
terface have to be interpolated to achieve the proper motion. The header
createZoneToZoneInterpolators.H has the task of creating such interpola-
tors.
3.3 Validation
Unlike the previous sections, this section discusses the numerical results when
compared with the published experimental and numerical benchmarks. The
validation cases were simulated under the environmental conditions to give
a reasonable and fair comparison. The presented fluid-structure interaction
solver as well as fluid part of it with respect to the turbulence different models
were validated and compared.
3.3.1 Validation of the fluid structure interaction solver
In this section two benchmarks have been used for preforming the validation.
As it had been discussed by Ricardo et al.[77], a validation of an numerical
solver could be carried out by several methods. In This dissertation, two
different validation methods have been used. A well-known numerical bench-
mark of a lid-driven cavity attached with a flexible bottom was considered.
Furthermore, a fundamental flexible cantilever fluid-structure case have been
compared with published experimental results.
Validation using an experimental benchmark
In this section a computational simulation of a flexible vertical cylindrical
cantilever had been carried out. The following figure 3.3 shows the geome-
try of the cantilever and the boundary conditions. The main dimensionless
parameters of design and material are listed in table 3.1. The values and
geometry have been determined depending on the experiment of Franzini,
which is described in details in his published paper [66]. Two values of re-
duced velocity had been considered for validation. The reduced velocities of
3.69 and 6.03 had been selected for the mentioned benchmark case experi-
ments.
According to figure 3.3 the following design parameters were considered.
CHAPTER 3. THE NUMERICAL CODE 63
S[mm] D[mm] L/D[−] m ∗ [−] f1[Hz] EI[Nm2]
305 25.4 35.5 1.2 1.17 5.20
Table 3.1: The design and material parameters of the flexible cantilever
validation case. Where S, D, L, m∗, f1 and EI are the distance between
cantilever moving end and the bed of the water tank, the cantilever diameter,
the cantilever length, the mass ratio m∗ = the mass of oscillating body
divided by the mass of displaced fluid, the first natural frequency and the
bending stiffness respectively.
Mesh and discretization
For avoiding the discretization error, a mesh dependency test had been car-
ried out. The maximum value of displacement of the cantilever tip mid-
point had been regarded for the test. The fluid domain had been divided
into 404752 hexahedrons and 38720 polyhedrons. The OpenFOAM meshing
tool snappyhexmesh had been used for the meshing of the fluid and solid
domains. The following figure 3.4 shows the used mesh in some sectional
views.
Results
As mentioned, the results are compared to the experimental work of Franzini
for the aim of validation. The following tabels 3.2 and 3.3 are showing that
comparison. Furthermore, following figure 3.5 is showing the status of fluid
flow around the flexible cantilever.
v∗ = 3.69 v∗ = 6.03
Present work 0.13 0.54
Franzini[66] 0.11 0.52
Table 3.2: The present results of the ratio Y/D between the maximum dis-
placement of the cantilever tip in y-direction Y and the cantilever diameter D
(see figure 3.3) with respect to the reduced velocity compared to the Franzini
experimental results.
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Figure 3.3: The geometrical representation of the validation case of a flexible
circular cantilever subjected to a water cross flow at velocity U. The size of
the computational domain was considered to be 1.5S, S and L+S in x, y and
z directions respectively.
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Figure 3.4: The used meshing for the validation case of a flexible cantilever
at different sectional views.
v∗ = 3.69 v∗ = 6.03
Present work 0.11 0.31
Franzini[66] 0.09 0.28
Table 3.3: The present results of the ratio X/D between the maximum dis-
placement of the cantilever tip in x-direction X and the cantilever diameter D
(see figure 3.3) with respect to the reduced velocity compared to the Franzini
experimental results.
The reduced velocity is expressed as v∗ = U
f1D
, where U is the flow velocity at
inlet , f1 is the first natural frequency of the cantilever and D is the cantilever
diameter.
Validation using a numerical benchmark
Case setup
One of the most common cases for fluid-structure interaction solvers valida-
tion is the 2D lid-driven cavity with flexible membrane at the bottom side.
CHAPTER 3. THE NUMERICAL CODE 66
Figure 3.5: The velocity contours at different section and times of the vali-
dation case of flexible cantilever
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Figure 3.6 shows the fluid and solid domains and gives information about
boundary conditions and dimensions.
The case could be described as a square cavity filled with air and has an
elastic membrane at its bottom. This membrane is excited by a fluctuating
velocity at the upper moving wall. The velocity of the upper wall is governed
by the following relation:
ux (t) = 1− cos(2pi5 t)
Figure 3.6: The geometry and mesh of lid-driven cavity validation case.
This shafted cosines velocity function in time will lead to the velocity fluctu-
ation value between 0 and 2 m/s, which gives a Reynolds number fluctuation
between 0 and 200.
The material of membrane has a density of 500 kg/m3, a Poisson ratio of
zero and a Young’s modulus of 250 Pascal. Air is used for the fluid domain
and has a density of 1 kg/m3 and a kinematic viscosity of 0.01 m2/s.
During the solution the time step was fixed to 0.01 seconds, which gives
an average CFL number (Courant–Friedrichs–Lewy number) of one. It is
observed that the mentioned time step and the CFL resulting number gave
the best stability to the solver for this test case.
The pressure equation was solved using a generalized geometric-algebraic
multi-grid (GAMG) solver and its convergence criterion was fixed to 10−7,
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Figure 3.7: Stream lines results on pressure contours of lid-driven cavity test
case. Present work (right) and Habchi et al. [48] (left).
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while the velocity equation used the same solver and convergence criterion.
The outer corrector loops of PIMPLE algorithm were set to 20. The mesh
motion solver was GAMG as well, and used convergence criterion of 10−8.
Moreover, the Incomplete Cholesky Conjugate Gradient (ICCG) solver
was used for the solid displacement equation solution with a convergence
criterion of 10−8.
Mesh and discretization
The mesh dependency test led to a 32 × 32 cells mesh for the fluid domain
and 64 × 1 cells mesh for the solid domain. The mesh independence check
was carried out with regard to med-point displacement in the direction per-
pendicular to the moving plate.
The following table 3.4 presents the results of the fluid domain mesh inde-
pendence check and the considered mesh.
Mesh size Max. displacement of the membrane med-point






Table 3.4: The results of the fluid domain mesh independence check for the
case of lid-driven cavity with flexible bottom
Results
Figure 3.9 represents a comparison between present results and the published
results of Habchi et al. [48]. The results indicate the stream lines at different
time steps on the pressure contours. As shown in the figure, both results
give a good visual agreement, when the deformation of mesh is also observed.
As the figure 3.9 shows, the time history of displacement in y-direction of
the mid-point of the elastic bottom shows a good agreement with the other
published results. Moreover, figure 3.8 shows the moving wall velocity time
history along with y-displacement.
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Figure 3.8: Time history of moving wall velocity as well as elastic bottom
mid-point y-displacement.
Figure 3.9: A comparison between the results of lid-driven cavity with flexible
bottom and the published benchmark[48].
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Figure 3.10: Different sectional views of the mesh used for all simulations.
3.3.2 Validation of the fluid part of the solver
The main goal of this section is validating the fluid part of the presented
solver by using different turbulence models. A fair comparison of the results
with each other and versus the published works has preformed the aimed
validation and hence justifies the selection of the LES turbulence model. As
the short aspect ratio principle has been successfully simulated and validated
in the work of Chen et al. [67], the current cases were also modeled based on
a short aspect ratio under the same conditions of the mentioned reference.
Despite considering a short aspect ratio, the flow changes in axial direction
of the cylinder could be captured (see figure 3.17).
Case setup
This section has a study case of a stationary circular cylinder with aspect
ratio L/D=0.5, while the diameter D=0.025 meters is subjected to a cross-
water flow at Reynolds number of 0.85X105 based on the cylinder diameter.
Regarding the aspect ratio of L/D = 0.5, it is considered to be sufficiently
large to capture relevant spanwise wake effects. The only available access to
computational resources is limited, which precludes simulations with a larger
spanwise length with adequate spanwise resolution.
The computational domain, boundary conditions and meshing are common
for the considered turbulence models, which are LES, S-A and S-A IDDES.
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Mesh and discretization
Figure 3.10 shows the meshing used in different sectional views. The mesh
consists of 449488 cells and 437406 nodes. The simulation was carried out
on 16 processors in parallel. The number of nodes showed acceptable mesh
independence check results. Figure 3.11 shows the results of the mesh in-
dependence check and shows that the mesh independence investigation was
carried out on the mean value of the drag coefficient of LES results.
Figure 3.11: The results of the mesh independence check of the validation






Figures 3.14, 3.15 and 3.16 show the pressure coefficient according to the
angular position on the cylinder surface at aspect ratio L/D=0.25 for the
turbulence models LES, S-A IDDES and Spalart-Allmaras respectively. The
figures present the results at different dimensionless time values D/U. The





where p is the pressure
on the cylinder surface, p∞ is the free stream pressure, ρ∞ is the free stream
density.
As expected, the large-eddy simulation shows an unsteady high 3D changing
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flow. Unlike large-eddy simulation, the SA-IDDES and SA show a semi-
steady flow and much less vorticity compared to LES. Figure 3.17 shows the
flow as computed by LES. Figure 3.13 presents the time history of drag and
lift coefficients of LES simulation. The drag and lift coefficients have been






respectively, where FL is the lift
force,FD is the drag force, A is the reference area of the obstetrical, and S is
the relevant plan area of the obstetrical.
A fair comparison and overview could be achieved by presenting graphical
results. Figure 3.12 therefore presents graphically a comparison of the
published results versus the present study.
Figure 3.12: Time-averaged drag coefficient vs. Reynolds number curve of
the published numerical and experimental results [67] compared with the
present results.
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Figure 3.13: Drag and lift coefficients time history for LES results.
Figure 3.14: Large-eddy simulation results of pressure coefficient on surface
at L/D=0.25 at different dimensional time values D/U.
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Figure 3.15: S-A simulation results of pressure coefficient on surface at
L/D=0.25 at different dimensional time values D/U.
Figure 3.16: Spalart-Allmaras improved delayed detached eddy simulation
results of pressure coefficient on surface at L/D=0.25 at different dimensional
time values D/U.
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Figure 3.17: Vorticity iso-surfaces for the flow past the cylinder at differ-
ent time steps. D and U are the cylinder diameter and velocity at inlet
respectively.
3.4 Discussion
In this section the results which were presented in the foregoing sections are
discussed. The conclusions regarding these results are namely mentioned in
this section.
3.4.1 Results of fluid-structure interaction solver vali-
dation
As a validation case, the presented solver was used to investigate an elas-
tic cantilever subjected to cross-flow at high Reynolds number of 104. The
results showed the details of the vortex shedding in the downstream. The
results were compared to the published experimental benchmark and demon-
strated good agreement. The VIV amplitude responses showed good agree-
ment with the published experimental results of Franzini et al. [66] (Tables
3.2 and 3.3).
A selected numerical benchmark of a lid-driven cavity attached to elastic
membrane at the bottom side and upper moving wall was considered for
validation. The results of this validation case were compared to some of the
published numerical results and showed good agreement (figure 3.9).
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3.4.2 Results of fluid part validation
Three turbulence models were subjected to fair comparison to each other and
versus the published experimental results (figures 3.14, 3.15 and 3.16). The
same meshing and numerical domains were used over all three simulations.
The following observations were able to be made:
1. It was clear that the LES model expresses good agreement with exper-
imental results (figures 3.12 and 3.14).
2. Both SA-IDDES and SA did not result in good agreement for the same
conditions under which the LES had been solved (figures 3.12, 3.15 and
3.16).
3. The simulation time of SA-IDDES is much higher than SA and LES,
while the same number of processors was used for all.
4. An observable difference did not exist between SA and SA-IDDES, in
terms of results (figures 3.15 and 3.16).
The LES therefore is highly recommended for solving deepwater risers’ cases
using OpenFOAM.
The LES gave a 60 seconds averaged drag coefficient CD=1.02 which shows
good agreement with Pontaza et al. [67] and fair agreement with the exper-
imental results of Schewe [68] and Achenbach [69]. Furthermore, the root
mean square of lift coefficient CL,RMS=0.2 shows fair agreement with the
experimental results of Norberg [70]. Figure 3.13 shows the drag and lift
coefficients time history of LES.
Unlike LES, both SA-IDDES and SA showed bad agreement to the published
numerical and experimental results. Figure 3.12 presents a comparison of
published numerical and experimental results versus the present study.
Because of the limited resources for performing the computational effort, a
small sized computational domain had been used. A mesh dependency test
had been carried out to ensure that the considered low number of cells had
given results with good quality.

Chapter 4
The Effect of Geometry on VIV
This chapter is going to present numerical investigations about the phe-
nomenon of vortex-induced vibrations. The presented results give more
understanding about the effect of design shapes and parameters on the
suppression of the resulted vibrations and forces acting on the obstacle.
4.1 Adding strakes
Adding strakes to a cylindrical shape obstacle may reduce the vortex-induced
vibrations. The main function of the straked shape is that it reduces the con-
tinual flow separation points relocation. As a wide used solution for vortex-
induced vibrations in deep water risers, the straked shape was presented.
Two study cases have been investigated to prove this fact and bring more
understanding to the effect of the shape on the vortex-induced vibrations
suppression. The presented tool of fluid-structure interaction has been used
to preform the both simulations. The operating conditions are set to be
identical for both cases.
The mentioned cases have a cantilever geometry. The considered cantilevers
are cylindrical with free end and subjected to a water cross flow. One of the
cases has straked cantilever with the design parameters shown in the table
4.1, which additionally contains the information about material and flow con-
ditions. As shown in the following table, the only difference between the two
present modelings is the adding of strakes. This procedure brings a fair com-
parison and presents understanding to the shape influence on vortex-induced
78
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Figure 4.1: An isometric view of the elastic cantilever study case, showing










plain shape PVC 104 - - -
straked shape PVC 104 15D 3 0.2D
Table 4.1: The design parameters and operating conditions of the two con-
sidered cantilevers. D is the diameter of the considered cylindrical cantilever.
4.1.1 Plain Shape
Case setup
This study case was considered to be an elastic circular cantilever subjected to
a cross pure water flow. The elastic cantilever is made from Polyvinylchloride
(PVC). Figure 4.1 shows the geometry used for both solid and fluid compu-
tational domains in an isometric view. It also shows the considered boundary
conditions. The height of the elastic cantilever is 0.45 meters, while its ra-
dius is 0.0127 meters and it is considered to have a completely fixed bottom,
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which means that the aspect ratio L/D is 17. Moreover, the fluid domain is
0.3 meters long in x-direction, 0.2 meters wide in y-direction and 0.7 meters
height in z-direction. The center line of the elastic cantilever is mounted at
0.1 meters in x-direction from inlet and on the exact mid-point between side
walls in y-direction. Figure 4.2 shows the meshing used in both sections at
z=0.15 meters from the bottom wall and at y=0.1 meters from the side wall.
Figure 4.2: Sections at z=0.15 meters from the bottom wall (A) and at y=0.1
meters from the side wall (B) in the mesh of the fluid domain.
The fluid is pure water with a density of 1000 kg/m3 and a kinematic viscosity
of 10−6 m2/s flows at 0.34 m/s, which results in a flow of Reynolds number
104 around the elastic circular cantilever. The elastic cantilever is made from
Polyvinylchloride of Young’s modulus 1.5X109 Pascal and density 1500 kg/m3
as well as a Poisson’s ratio of 0.4. The numerical solution of all equations
used the same configurations as the foregoing validation case of lid-driven
cavity. The fluid domain was solved using one equation unsteady large eddy
simulation (LES).
Mesh and discretization
Because of the available limited computing unit, a relatively small fluid do-
main was considered. Moreover, the computational model was discretized
to have 641598 cells in the fluid domain and 4800 cells in the solid domain.
This mesh size produces a small change in results after more refinement.
Figure 4.3 gives the results of a fluid mesh independence check, which was
done depending on maximum dimensionless displacement of the mid-point
on the cantilever free end in y-direction. Furthermore, figure 4.2 presents
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Figure 4.3: Mesh dependency test results for the fluid-structure interaction
simulation of the plain shape.
some sectional views to the fluid mesh.
The tools snappyhexMesh and blockMesh were used for mesh generation
depending on the imported STP file.
Results
Figure 4.4 shows three-dimensional contours of pressure in wake zone. The
contours results at different time steps show the vortex shedding behind the
Figure 4.4: Three-dimensional pressure contours in wake zone at different
time steps and colored by velocity values for the bar cantilever case.
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Figure 4.5: Vorticity contours at z=0.2 meters from the bottom wall at
different time steps.
elastic cantilever and colored by velocity values. Moreover, figure 4.5 shows
the two-dimensional vorticity contours at z=0.2 meters from the bottom wall.
The 2S vortex pattern could be observed from both mentioned figures.
4.1.2 Straked shape
Case setup
The considered case of a straked flexible cantilever subjected to a water cross
flow has the same design and operational parameters as the foregoing case
of a bar cantilever. The only difference between both designs is adding the
strakes to the cantilever. The geometry of the cross sectional shape of the
staked cantilever is showed in the figure 4.6. Same to the foregoing case, the
straked cantilever has a free and fixed ends as well.
Mesh and discretization
As done in the foregoing cases, a mesh independence test has been carried out
to ensure the accuracy of results in terms of discretization error. The consid-
ered fluid domain consists of 548085 tetrahedral cells. The mesh dependence
test has been carried out depending on the value of y/D, which shows the
stable value of 0.21 at the mentioned number of cells. The following figure
4.7 shows the used mesh in different cross sectional views.
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Figure 4.6: A cross sectional view of the considered geometry of the staked
flexible cantilever case (all dimensions in [mm]).
Figure 4.7: Different cross sectional views of the considered mesh of the
staked flexible cantilever case.
Results
In the following figures, the comparable results are showed. In figure 4.8,
the three dimensional pressure contours of the flow around the cantilever at
different times are presented and colored with velocity values. The mentioned
three dimensional pressure contours give a good visualization of the wake
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zone in down stream.
In the figure 4.9, the vorticity contours at different times are showed. The
vorticity around z-direction is considered, as it represents the more important
parameter regarding the topic of research and to give the chance for fair
comparison.
The results of both cases of plain and straked shaped cantilevers are post
processed in the same way to give the reader a suitable ability for a visual
comparison.
Figure 4.8: Three-dimensional pressure contours in wake zone at different
time steps and colored by velocity values for the straked cantilever case.
Figure 4.9: Vorticity contours at z=0.2 meters from the bottom wall at
different time steps for the straked cantilever case.
4.2 Strakes design parameter
As discussed in the foregoing part of the present chapter, adding strakes to
an obstacle is helping to reduce the vortex-induced vibrations. Changing a
design parameter of the considered design may help as well. In the present
section, a straked shape of a rigid obstacle is considered. By using the fluid
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Figure 4.10: Different cross sectional views of the considered mesh of the
staked rigid cylinder case at pitch=15D.
dynamics part of the presented tool, the forces and wake as well as the shape
of down stream flow are discussed. The selected design parameter is the pitch
of the helical shape of strakes.
Case setup
A straked shaped cylindrical obstacle has been subjected to a water cross
flow. The operational conditions are same as the foregoing flexible cantilever
case. The strakes geometry is identical to the described shape in figure 4.6.
The pitch of strakes varied between 1D to 17D with an increment of 2D.
Mesh and discretization
All cases have been subjected to a mesh independence test. Depending
the maximum value of lift coefficient, the mesh independence test has been
carried out. The used meshes have a number of cells around 0.5 million,
which are determined by performing a mesh dependency tests for each case.
The figure 4.10 shows the used meshing in different views.
Results
Figure 4.11 shows the change of the both time averaged drag and lift forces
with respect to pitch of strakes. For better visual conclusion, a linear values
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Figure 4.11: The time averaged drag and lift forces in Newtons with respect
to stakes pitch.
fitting has been added to the diagram.
Figure 4.12 shows the velocity contours at different pitches values. The re-
sults were taken at the time step, which represents the steady state of wake
flow behind the obstacle.
Figure 4.13 shows the vorticity around y-direction, which is the the perpen-
dicular direction to the figure. The shown contours are taken at the time step,
which represents the steady state of wake flow behind the obstacle. The re-
sults give a good visual representation to the vortex shedding of downstream
flow.
4.3 Conclusions
In the foregoing sections, two study cases were numerically investigated. The
two considered cases were modeled to be similar in terms of operating con-
ditions. The addition of strakes to the surface of a flexible cantilever was
modeled to give the chance for evaluating the effect of geometry on the
vortex-induced vibrations.
The results are shown in the way to be easy for a visual comparison. The
main measurements are showed in several graphical representations.
The straked cantilever showed a reduced y/D value. By comparing the max-
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Figure 4.12: The flow velocity contours at different stakes pitches taken at a
slice on the mid point y-direction.
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Figure 4.13: The y-vorticity contours at different stakes pitches taken at a
slice on the mid point y-direction. The vorticity was calculated as the curl
~ω = ~∇× ~u of the velocity field ~u and defined as a measure of the amount of
angular rotation of a fluid point about a particular position in a flow field.
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imum y/D calculated values of both cases, it is observed that the straked
shape has reduced the cross-directional vibrations by 73 percent. The plain
and straked shapes gave a y/D values of 0.76 and 0.21 respectively.
The Both figures 4.4 and 4.8 shows that the vortex-shedding has been de-
veloped in a clear form behind the cylinder, which means that the strakes
on the surface of the cantilever has successfully minimized the formation of
vortices in down stream.
By visually comparing both figures 4.5 and 4.9, it would be observed the
clear understanding of the difference between both geometries in terms of
vortex shedding in down stream.
The chapter including the mentioned numerical investigations has presented
a clear and simple view on vortex-induced vibrations with regarding to dif-
ferent geometries.
Furthermore, the presented fluid-structure interaction numerical tool has
been used for both cases. The usage of the presented tool could be con-
sidered as a work of verification.
Furthermore, the effect of the pitch of strakes attached to a cylindrical ob-
stacle, as a design parameter, was investigated. A rigid body subjected to
a cross water flow has been numerically simulated. Figure 4.10 shows that
effect graphically in terms of drag and lift forces. The results show that
increasing the pitch value has reduced lift and increased drag. Figures 4.12





The main goal of every study on a specific problem is to present a real so-
lution. Presenting a solution should contain a testing and discussion of it.
About finding a solution to the problem of vortex-induced vibrations many
research works were carried out.
The foregoing chapter has discussed how the suppression of the vortex-
induced vibrations can be realized by optimizing the design an shape of an
obstacle. This chapter is going to present a different design of the cylindri-
cal obstacles, by which the suppression of vortex-induced vibrations can be
preformed. The presented design was tested and investigated by using the
presented numerical tool.
5.1 Overview on suppression devices
The suppression of vortex-induced vibrations in offshore structures becomes
an important research topic in last years. In order to to reduce the accidents,
in which failure in offshore structures had been occurred due to flow-induced
vibrations, the research on suppression techniques had been focused on.
Under passive controlling, the vortex-induced vibrations suppression in
this context may be categorized. A passive control device is defined as
that device realizes the aimed controlling without giving feedback. Figure
5.1 shows different passive control devices for suppressing vortex-induced
vibrations used in deep water risers.
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Figure 5.1: Passive control devices for suppressing VIV [78].
5.1.1 Using damping
A good way to weaken or suppress the vortex induced vibration is to damp
it. In this context, Scruton number definition should be mentioned. The
Scruton number is mathematically expressed as, ks = 2.m.δ/ρD
2, where m
is the mass per unit length of the structure,δ is the logarithmic decrement, ρ
is the fluid density and D is the cross stream dimension of the body. Increas-
ing Scurton number for the fluid-structure system can reduce the vibrations
amplitude. If the reduced damping is greater than a value of 64, then the
peak amplitudes at resonance decreases to within 1% of the cross stream
dimension of the body [79]. Another type of damping is the fluid damping.
The fluid damping becomes significant at low reduced velocities below 0.3
[78].
One of the most known method is modification of the material properties. By
increasing the riser material strength, the so-called material internal damp-
ing becomes significant. The main goal of such technique is to avoid the
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resonance under the operating conditions. The damage is often occurred,
when the riser reaches its resonance. The modification of natural frequency
of the riser material therefore plays the main role in this VIV suppression
technique.
5.1.2 Using Geometry modification
As discussed in the previous chapters, the vortex shedding is a results of the
continues flow separation points relocation. A well known type of vortex-
induced vibration suppression methods is to avoid or minimize this reloca-
tion of flow separation.
This technique is usually realized by two main ways, which are modification
of the outer shape of a riser to suit the flow stream lines or attaching some
additional parts to it.
The most known and wide used stream-lining technique is airfoil shaped ris-
ers or in practical way adding fairings. The figure 5.1-h and 5.2 show usual
and ultra-short fairings respectively.
The wide used add-on VIV suppression device is the straked shape of riser.
This technique has been taken as the topic of research in the previous chap-
ter and investigated deeply for further understanding. This common VIV
suppression device is realized by attaching strakes to the riser outer surface
in helical shape as shown in figure 5.1-e. The strakes have the task to disturb
the formation of vortex shedding and separation points continual relocation.
Another add-on VIV suppression device is the shroud which bounded the
riser from outside. As shown in figure 5.1-f the shroud add-on device is real-
ized by bounding the riser by a holed plate of metal or another rigid material.
The figure 5.3 shows the partial shroud VIV suppression device. Figure 5.1-g
shows a modified shroud suppression device called axial slats.
Figure 5.1-a shows the wake splitter, which is another efficient way to weak
VIV in the deep water risers. The design is simple and efficient, specially
in low speeds water flow. In this technique, the suppression depends on the
length of the tail plate.
Figure 5.1-b shows the suppression device of ribbons. In this technique, a
flexible ribbons are added on the downstream side of the obstacle or riser
to disturb the formation of vortex shedding. The main advantage of this
design is simplicity and low cost. Figure 5.4 shows how that ribbons could
be efficient in reduction of vortex shedding in the wake zone.
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Figure 5.2: Ultra-short streamline fairing invented by D.W. Allen and D.L.
Henning [80]. Part 10-fairing, 11-marine riser, 12-cylindrical marine element
(D-diameter), 14-sides of fairing, 16-point of departure of fairing from the
cylindrical surface,18-tail ends of fairing connected with fasteners, 20- fas-
teners; α-angle of fairing.
Figure 5.3: Partial shroud invented by Allen and Henning [81]. Part 125-
cylindrical riser, 210- perforated partial shroud, 215-separation ring (sepa-
rating shroud from riser).
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Figure 5.4: Flow field behind a cylindrical obstacle (a) without ribbon (b)
with ribbons (Kwon et al [82]).
Stansby et. al [83] have found that adding spoiler on the outer surface of a
deep water riser can suppress the vortex-induced vibrations by about 70%.
Figure 5.1-d and 5.5 show that spoiler suppression device.
Adding guide vanes to a cylindrical obstacle in cross water flow, i.e. deep
water riser, could reduce the vortex-induced vibrations. Figure 5.1-c show
this technique. It is optical similar to the stream line fairing. The design
of a typical guide vane would include a plate length of 1D with a lateral
separation between trailing edges of 0.9D. Such guide vanes are effective in
complete suppression of vortex-induced vibrations [78].
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Figure 5.5: VIV Suppression device by adding spoilers [83].
5.2 An off-shore riser VIV suppression device
In this section, a new concept for the vortex-induced vibrations suppression
in the off-shore risers is presented and numerically evaluated. The setup
of the considered case was done depending of the experimental work of
Franzini [66], which is used for validation in the foregoing chapter 3.
The concept of the mentioned device depends on attaching vortex generators
on the both sides of the riser. The vortex generators are placed where the
separation points are relocating. Adding such vortex generators are aiming
to prevent the continues relocation of the flow separation points and hence
the vortex shedding.
The following figure 5.6 shows the used concept of the presented suppression
device. The showed geometry has a number of design parameter, e.g.
the height of vortex generators, which had been chosen depending on the
observation and analysis of the presented results of chapter 3.
The material properties of the obstacle as well as flow parameters are taken
exactly as described in chapter 3 and as mentioned in the reference of
Franzini [66].
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Figure 5.6: The geometry and design parameter of the presented VIV sup-
pression device.
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Figure 5.7: The velocity results at different sections and time steps of the
presented VIV suppression device.
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Figure 5.8: The Z-vorticity results at different sections and time steps of the
presented VIV suppression device.
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5.2.1 The numerical results
The presented device was investigated numerically by the OpenFOAM
fluid-structure interaction solver, which was mentioned in the chapter 2.
A fluid domain has been divided into 544039 tetrahedral cells. A mesh
independence test has been carried out depending on the maximum value
of deformation amplitude. Furthermore, the same simulation parameters,
which considered in chapter 3 for the bar cylindrical obstacle validation
case, have been adopted also here.
The results gave a maximum drag coefficient of 1.61, while the VIV
suppression efficiency was 88.72%. The suppression efficiency SE can be
obtained by using the equation 5.1. The value of A/D for bar obstacle has





In the figures 5.7 and 5.8, the velocity and vorticity contours are given at
different sections and time steps. The two mentioned figures are giving the
chance for understanding the flow in down stream behind the obstacle.
Figure 5.9: Both lift and drag coefficients time history of the presented VIV
suppression device.
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5.2.2 Conclusions
A VIV suppression device has been introduced. The presented design has
been test using an OpenFOAM fluid-structure interaction solver, which had
been presented and validated in the present dissertation.
The value of vibration amplitude has been used for the calculation of sup-
pression efficiency, which shows a good value if compared to the published
devices. The published experimental amplitude value has been considered
for efficiency calculation.
Furthermore, the resulted drag coefficient of 1.05 is considered reduced value
if compared to the previous published experimental value of Franzini et al[66].
As shown in both figures 5.7 and 5.8, the formation of vortex shedding has
been weakened as a result of adding the side vortex generators. Furthermore,




The present study had paved the way for more lengthy research. This chapter
presents an outlook on future research. The following sections discuss the
guidelines on which future research should proceed.
6.1 Contributions
The dissertation has some contributions, which are summarized in the fol-
lowing points:
1. Design solution for suppression device of vortex-induced vi-
brations in deep water risers have been introduced and numeri-
cally investigated. Depending on what had been presented about un-
derstanding the phenomenon and coupling of numerical solvers for its
numerical investigation, the solutions for suppression were the expected
output of the dissertation (chapter 5).
2. Cheap and easy-to-use tool to solve and simulate the deepwater ris-
ers study cases under environmental conditions. The presented multi-
physics numerical solver is selected to be built on OpenFOAM platform
to give more availability. Since the platform used is open-source, there
is a chance for future research as well as modification. The presented
tool also has a wide range of usability, as it will be mentioned and
explained in the following sections (chapters 2 and 3).
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3. Deep understanding of the vortex-induced vibration phenomenon
was presented with a focus on deepwater risers. The present disserta-
tion discussed the vortex flow and its induced vibration. Through some
numerical investigations, the phenomenon was discussed (chapter 3).
4. Evaluation of different turbulence models and discussing its
effect on the vortex flow. Different numerical experiments were car-
ried out on a fundamental case to investigate the performance of every
turbulence model in order to give a clear view and to present a fair
comparison of these models (chapter 3)
6.2 Future work
The experimental work of a fundamental case will be very helpful and valu-
able. The experiment should be about vibrating a cantilever in water cross-
flow. The following points are suggested to be taken into account in the
future study:
1. Experiment conditions are the same as the environmental conditions
2. The case is suitable for numerical simulation
3. It is precise enough to be a benchmark
4. The flow in downstream is captured
5. Other unwanted effects must be avoided because of sensitivity of vortex
flow to wall effects (as discussed in chapter 1)
The experimental work will be a part from a trustable solver validation.
Moreover, this kind of work with high precision is very important for under-
standing the phenomenon better.
Furthermore, a validation for the introduced VIV suppression device is highly
recommended. Such experimental validation will play two main rolls in terms
of validation of the presented solver as well as the introduced VIV suppression
device.
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6.2.1 Incompressible Fluid Flow Analysis
The wake of the cantilever is crucial. The flow analysis gives important
information about the behavior of the experiment. Furthermore, the flow
analysis is one of the front-line indications during numerical validation.
The flow is strongly recommended to be captured by a device such as PIV,
which can give robust results. As mentioned in chapter 1, the PIV results
are visually very similar to those numerical ones. The validation is therefore
more precise.
The information and results about vortex frequency as well as its form and
temporal behavior are highly recommended.
6.2.2 Fluid-structure interaction static analysis
It is axiomatic in such a field of research to observe the interaction between
both solid and fluid. As discussed in the present study, the validation about
this behavior could deviate and give near-to-reality results in its best case.
Fair agreement could be the result of the discretization errors or other well-
known numerical errors.
The observation of such behavior in experimental work should be carried
out by using high-precision devices. The precision is recommended in order
to avoid having an uncounted parameter, which could strongly affect the
validation process.
6.2.3 Fluid-structure interaction dynamic analysis
One of the most important areas for future research is the dynamic valida-
tion. Carrying out dynamic fluid-structure interaction simulations is highly
recommended to give a clear conclusion about the usability range of the
presented solver.
The solver is built to be suitable for a wide range of industrial cases. The
validation cases which were presented in the present dissertation are focused
on the deepwater risers field. The other validation cases are therefore highly
recommended.
The solver, as part of OpenFOAM platform, is very sensitive to the Courant
(CFL) number, so that the implicit algorithm is used to minimize this effect
and give the solver the chance to simulate at high Courant numbers. The val-
idation of dynamic cases is recommended to achieve profound understanding
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of this part as well.
6.2.4 Solver usability improvement
After the foregoing recommended validations, it may be the case that the
solver will need to be improved to suit some industrial conditions which are
not covered in present study. In this case, improving the solver parts and
reprogramming it will be recommended.
6.2.5 Full reality validation
Simulation of a full scale deep \water riser under real industrial conditions
is the main guide and best validation case. In most cases it is not possible
because of a lack of facilities.
As concluded in the foregoing chapter, OpenFOAM solvers are always needed
for high computational capacity. It may not be possible to achieve a full real
simulation without high-performance processing clusters.
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